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At the turn of the 21st century, cannabinoid receptor research yielded thousands of indole‐based agonists in an attempt to minimize the psychedelic effects yet maximize the anti‐inflammatory and orexigenic effects associated with marijuana intoxication. The first analogues that paved the way were the JWH series, typically found as napthoyl‐indole compounds developed by John W. Huffman from Clemson University \[Huffman et al., [2005](#jcb25421-bib-0009){ref-type="ref"}\]. Others soon followed such as the AM series by Alexandros Makriyannis that introduced halogenated derivatives of related JWH types, as well as newer phenyl‐indole compounds \[Palmer et al., [2002](#jcb25421-bib-0014){ref-type="ref"}\]. By the end of the decade, these synthetic cannabinoid products were flooding both the online and the local markets with packages of herbal blends sold as "incense" or "spice" to avoid legal scrutiny. Therefore, these products have become the prevalent drugs of abuse in the past several years due to their easy availability, potency, ambiguous legal status, and invisibility in routine urine drug screens.

AB‐FUBINACA (C~20~H~21~FN~4~O~2~) is a synthetic cannabinoid that was originally described in a 2009 patent filed by Pfizer Global Research & Development as an alternative analog based on an indazole‐carboxamide substructure \[Buchler, [2009](#jcb25421-bib-0003){ref-type="ref"}\]. Although there are no specific references to the name AB‐FUBINACA, the patent describes 523 analogues with C~20~H~21~FN~4~O~2~ references to AB‐FUBINACA as "Example 2". In vitro data shows that this compound is a very potent ligand for the cannabinoid (CB1) receptor, with a binding constant of 0.9 nM and an EC~50~ of 23.2 nM for receptor activation as measured by GTPγS hydrolysis \[Thomsen et al., [2015](#jcb25421-bib-0020){ref-type="ref"}\]. By 2012, AB‐FUBINACA was found in blended herbal products in Japan, Europe, and the United States. In early 2014, the drug was placed on the DEA Controlled Substances List as a Schedule I drug Drug Enforcement Administration in Department of Justice \[[2014](#jcb25421-bib-0004){ref-type="ref"}\]. These actions had very little impact in deterring its manufacture and distribution, since it had largely replaced the JWH and AM series as the active compound in herbal products.

Information about the toxicity and metabolic characteristics of these substances often lags behind the distribution and usage in the public domain. Meanwhile, the "users" visited hospital emergency departments with extreme paranoia and agitation without a clear diagnosis of the origin \[Zimmermann et al., [2009](#jcb25421-bib-0022){ref-type="ref"}; Freeman et al., [2013](#jcb25421-bib-0006){ref-type="ref"}; Behonick et al., [2014](#jcb25421-bib-0002){ref-type="ref"}\]. In order to better understand the toxicological implications of this new synthetic cannabinoid, there is a critical need to identify the metabolites for clinical and forensic detection. Our hypothesis was formed to study the oxidative products resulting from AB‐FUBINACA metabolism, its effect on the gene expressions on liver and heart, and the excreted compounds in urine using a rat animal model.

Recent advances in mass spectrometry technology makes it possible to perform sensitive data collection on toxicology specimens when volumes are limited and drug concentrations are low \[Guale et al., [2013](#jcb25421-bib-0008){ref-type="ref"}; Kronstrand et al., [2014](#jcb25421-bib-0011){ref-type="ref"}\]. In our study, we described our results from scanning urine by liquid chromatography time‐of‐flight mass spectrometry (LC‐TOF/MS). It is possible to set multiple acquisition cycles to screen by liquid chromatography tandem mass spectrometry (LC‐MS/MS) \[Freijo et al., [2014](#jcb25421-bib-0007){ref-type="ref"}\], but we employed this technique to perform structural studies of putative hydroxylation sites. A recent study reported the findings of metabolites by incubating AB‐FUBINACA in human liver microsomes \[Takayama et al., [2014](#jcb25421-bib-0019){ref-type="ref"}\]; our study is the first to determine the metabolites of AB‐FUBINACA excreted in rat urine and to investigate its effect on gene expressions on heart and liver.

MATERIALS AND METHODS {#jcb25421-sec-0003}
=====================

CHEMICALS AND REAGENTS {#jcb25421-sec-0004}
----------------------

The AB‐FUBINACA reference standard and AB‐FUBINACA‐d4 internal standard were purchased from Cayman Chemical (Ann Arbor, MI). Solvents, salts, and other liquids such as isopropanol, 1‐chlorobutane, ammonium formate, magnesium sulfate, dimethyl sulfoxide, ammonium hydroxide, and acetic acid were purchased from Sigma--Aldrich (St. Louis, MO). GC/GC--MS grade methanol was obtained from Honeywell Burdick and Jackson (Morristown, NJ). Test tubes were obtained from Fisher Scientific (Pittsburgh, PA).

ANIMAL EXPERIMENTAL PROCEDURES {#jcb25421-sec-0005}
------------------------------

Wistar rats were purchased from Harlan Laboratories (Houston, TX). Rats weighing from 160 to 200 g were housed in a temperature and humidity controlled room with a 12:12 h light‐dark cycle with ad libitum access to food and water. After acclimatization, each rat was transferred to an individual metabolic cage for the course of the experiment. Each experimental animal (n = 5) was delivered via peritoneal injection daily for 5 days with 5 mg/kg of AB‐FUBINACA dissolved in dimethyl sulfoxide. The control animals (n = 3) were treated the same as experimental group and received dimethyl sulfoxide injections daily. Urine samples of day 1 were collected at 3, 6, 9, 12, and 24 h after injection, whereas for the rest of the study, urines were collected every 24 h daily after the injection. Urine samples were frozen and stored at −20°C until analysis. At day 5, the end of the experiment, each rat was sacrificed; tissues including liver and heart were collected for gene expression analyses. All animal experiments were conducted in accordance with the guidelines of the Animal Protocol Review committee of the Texas Southern University, Houston, TX.

PREPARATION OF URINE SAMPLES FOR MASS SPECTROMETRY ANALYSIS {#jcb25421-sec-0006}
-----------------------------------------------------------

Liquid--liquid extractions were used to prepare specimens for TOF screening and LC‐MS/MS structural elucidation. Urine samples were thawed at room temperature for complete dissolving the ice particles before the extraction step. We transferred 0.2 ml of urine to a fresh test tube for the following extraction. The pH of the solution was alkalinized by adding 0.2 ml of 100 mM ammonium hydroxide (pH 10), followed by the addition of 1.0 ml isopropanol and 1.0 ml of 1‐chlorobutane. An aqueous solution consisting of 2.0 ml saturated magnesium sulfate was added to each tube followed by vortexing and centrifugation. The organic layer was removed by glass pipette to a fresh test tube and evaporated to dryness under nitrogen stream. All samples were reconstituted by 0.2 ml of 7 mM ammonium formate in water/acetonitrile (9:1) for instrumental analysis.

LC‐TOF/MS {#jcb25421-sec-0007}
=========

Drug metabolite screening was accomplished by LC‐TOF/MS scanning according to our previously published protocol \[Guale et al., [2013](#jcb25421-bib-0008){ref-type="ref"}\]. Briefly, the liquid chromatograph was powered by an Agilent 1290 Infinity system consisting of binary pumps, degasser, column heater, and auto‐sampler. Based on manufacturer recommendations, the pumps were programmed to deliver an increasing gradient of methanol against an aqueous mobile phase of 5 mM ammonium formate over the following time course: 5% methanol from 0 to 0.5 min, increasing to 30% methanol at 1.5 min, 60% methanol at 4.5 min, to 95% methanol at 6.5 min, and a reset to 5% methanol as acquisition stopped at 10 min with a 3 min post‐run. Separations were performed using an Agilent Eclipse Plus C18 1.8 mm, 3.0 × 100 mm column. The auto‐sampler injected 4 μl of sample per run, with automated needle washes in between. The column flow rate was kept at 0.6 ml/min with the heater at a constant 50°C.

The mass analyzer was an Agilent 6230 TOF‐MS operated in positive ion scan mode with mass scanning from 100 to 1000 m/z. The ion source was upgraded from the original Agilent Jet Stream (AJS) source to the dual‐sprayer version for improved reference mass delivery. The instrument acquired data using the following parameters: drying gas temperature 350°C, drying gas flow 8.0 L/min, nebulizer 35 psi, sheath gas temperature 400°C, sheath gas flow 11 L/min, VCap 3500 V, nozzle 0 V, fragmentor 125 V, skimmer 65 V, and octopole RF peak 750 V. A constant flow of Agilent TOF reference solution through the reference nebulizer allowed the system to continuously correct for any mass drift by using the reference mass ions purine at 121.05087 m/z and HP‐921 at 922.00979 m/z.

LC‐MS/MS {#jcb25421-sec-0008}
========

The quantitative analysis of AB‐FUBINACA was carried out by an Agilent 6460 tandem mass spectrometer, integrated with the Agilent 1200 liquid chromatography system. Separations were performed using an Agilent Eclipse Plus C18 1.8 mm, 3.0 × 100 mm column. The mobile phases A and B consisted of 7 mM ammonium formate and 0.05% formic acid in water and acetonitrile, respectively. The gradient program followed a course of 7% mobile phase B, which increased to 10% B at 2.0 min, 50% B at 5.0 min, 85% B at 7.0 min for 3 min, and then a reset to 7% B at 10 min with a 6 min post‐run to re‐equilibrate the column. The auto‐sampler injected 4 μl of sample per run, with automated needle washes in between. The flow rate was 0.4 ml/min with temperature control at 50°C.

The mass analyzer was operated in positive mode with the following instrumental parameters settings: capillary voltage 3.5 kV, fragmentor voltage 125 V, skimmer voltage 65 V, drying gas flow rate 8.0 L/min set to 350°C, sheath gas flow rate 11 L/min set at 400°C, and nebulizer at 35 psi. For AB‐FUBINACA, the data acquisition method was specified with the precursor ion at 369.2 m/z to transitions of 324 m/z and 252.9 m/z and precursor ion at 373.2 m/z to transitions of 328.1 m/z and 109 m/z for AB‐ FUBINACA‐d4. One of the primarily anticipated metabolites was through hydroxylation, so metabolite fragmentation studies were carried out with a precursor ion monitored at 385.2 m/z \[M + 16\] as an oxidized product. Another potential metabolite is the further desalkylation of the 4‐fluorobenzyl groups from the hydroxylated derivative to yield a 277 m/z product. These metabolites were fragmented with collision energies of 20 V and 38 V, respectively.

REAL‐TIME PCR FOR RT^2^ PROFILER PCR ARRAYS {#jcb25421-sec-0009}
-------------------------------------------

RT^2^ Profiler PCR arrays are a sensitive gene expression profiling real‐time PCR‐based technology for analyzing focused panels of genes involved in biological process, signal transduction, or disease research pathways. We chose to study the effect of AB‐FUBINACA on toxicity in the liver and heart.

EXTRACTION OF TOTAL RNAs FROM LIVER AND HEART {#jcb25421-sec-0010}
---------------------------------------------

Total RNA was extracted from 100 to 200 mg of liver and heart tissues using the Trizol reagent (Invitrogen, Inc.), followed by Qiagen RNeasy Mini Kit (Qiagen, Inc.). RNA concentrations were determined by spectrophotometry, and RNA integrity based on 28S and 18S was evaluated on a 1% agarose gel.

FIRST‐STRAND cDNA SYNTHESIS {#jcb25421-sec-0011}
---------------------------

We used 4 μg total RNA for reverse transcription of each sample using the RT^2^ first‐strand kit (Qiagen). The genomic DNA was eliminated follow the instruction in the kit. We generated the cDNA by incubating the reaction at 42°C for 15 min as described in the kit. The product was ready for RT^2^ profiler PCR arrays.

RT^2^ PROFILER PCR ARRAYS {#jcb25421-sec-0012}
-------------------------

We studied the gene expression profile of hepatotoxicity for the rat liver (PARN‐093ZE‐2) and cardiotoxicity for the rat heart (PARN‐095ZE‐2). Both PCR arrays were purchased from Qiagen (Qiagen). The 384‐well array plate contains 4 replicate primer assays for 84 pathway‐genes and 5 housekeeping genes. In addition, one well contains a genomic DNA control, three wells contain reverse‐transcription controls, and three wells contain positive PCR controls.

Briefly, we prepare PCR reaction containing cDNA synthesis reaction mixture with RT^2^ SYBR Green ROX master mix. We applied 20 μl mixtures to each well and sealed the array. The PCR assay was performed using the ABI Prism 7900HT Sequence Detection System (Applied Biosystems, Inc.). The PCR reaction was performed using the protocol as suggested by Qiagen: Hot Start denaturation at 95° C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min to perform fluorescence data collection.

GENE EXPRESSION DATA ANALYSIS {#jcb25421-sec-0013}
-----------------------------

We used the ΔΔC~t~ method to analyze the results. The software was provided by Qiagen **RT^2^ Profiler Data Analysis Software**. A C~t~ value equal to 35 is considered a negative call. The wells of genomic DNA should be greater than 35, which indicate the contamination of genomic DNA is very low to affect the gene expression profiling. The average C~t~ of the positive PCR controls should be 20 ± 2 on each RT^2^ profiler PCR array, which indicates efficient PCR amplification. Each gene was normalized with housekeeping genes to obtain ΔC~t~ value. We used hypoxanthine phosphoribosyltransferase 1 (Hprt1) as the housekeeping gene for this study. In this study, we have five rats treated with AB‐FUBINACA in DMSO and we have three rats as controls injected with DMSO. The ΔΔC~t~ was calculated for each gene of experimental group (n = 5) and control group (n = 3). The fold‐change for each gene from experimental group to control group was calculated as 2^(−ΔΔCt)^. If the fold‐change is greater than 1, the result is reported as a fold up‐regulation. If the fold‐change is less than 1, the negative inverse of the result is reported as a fold down‐regulation. The *P* values are calculated based on a Student\'s *t*‐test of the replicate 2\^ (−ΔCt) values for each gene in the control group and treatment groups, and *P* values less than 0.05 are significant. We provide the complete list of gene expression data analysis including fold changes and *P* values as supplement in excel format.

REAL‐TIME QUANTITATIVE RT‐PCR ASSAY {#jcb25421-sec-0014}
-----------------------------------

We chose to use real‐time quantitative RT‐PCR method to confirm the altered gene expression levels that were determined by RT^2^ profiler PCR array. Briefly, total RNA (1 μg) was treated with DNase I (Zymo Research, Inc.) to remove trace amount of contamination of genomic DNA. We synthesized the cDNA from each RNA sample using a high capacity cDNA reverse transcription kit supplied by Applied Biosystems (Applied Biosystems, Inc.) The cDNA was subsequently used for real‐time quantitative PCR to quantify the gene expression levels. We used SYBR Green I dye (SYBR Green PCR kit, Applied Biosystem) to employ real‐time quantitative PCR using ABI Prism 7900 Sequence Detection System (Applied Biosystems) \[Dutta et al., [2003](#jcb25421-bib-0005){ref-type="ref"}; Mak et al., [2010](#jcb25421-bib-0013){ref-type="ref"}\]. The primers were designed using GenScript Real‐time PCR Primer Design software, with primer crossing exon junction.

The nucleotide sequences of each primer were Blast searched against the Genbank database to confirm the uniqueness of each primer. We listed the primers used for this study in Table [I](#jcb25421-tbl-0001){ref-type="table-wrap"}. The concentration of each primer was optimized. The Ct value of each sample was normalized with endogenous house keeping gene Hprt1. We used unpaired student *t*‐test one‐tail statistic to evaluate the difference between control and experimental treated samples (Prism ver. 5.0). The *P*‐value of \<0.05 is considered significant.

###### 

Primer Sequences of Rat Used by Real‐Time Quantitative RT‐PCR

  Gene                 Primer sequences                         Concentration used for the assay
  -------------------- ---------------------------------------- ----------------------------------
  Liver                                                         
  Abcd4                Forward primer 5′ GGATTGGAGAGCTTCAGGAG   2 μM
                       Reverse primer 5′GCAGTGTCTGATGGCTCTGT    2 μM
  Hao2                 Forward primer 5′CTGGGACTTCAACAAGCAGA    2 μM
                       Reverse primer 5′TCGCCTATTGCCAAGTACAG    2 μM
  Map3k6               Forward primer 5′TCAGCATGACCAACAATGTG    2 μM
                       Reverse primer 5′AACGCAATCCGAGTTCTTCT    2 μM
  Mbl2                 Forward primer 5′CCCTGTTCACATCCTTCCTT    2 μM
                       Reverse primer 5′AGAACTGCAGGCAATCACAG    2 μM
  Lss                  Forward primer 5′AGTGTACCTCCGCAGTGATG    2 μM
                       Reverse primer 5′TTGAGGGTCTCCCTGATCTC    2 μM
  Heart                                                         
  Ccl7                 Forward primer 5′TCCCTGGGAAGCTGTTATCT    2 μM
                       Reverse primer 5′CAGGGCTTTGGAGTTGAAGT    2 μM
  Cfd                  Forward primer 5′GCTTCAGTGCAAGTGAATGG    2 μM
                       Reverse primer 5′ACCTCATCCTTGGTCACTCC    2 μM
  House keeping gene                                            
  Hprt1                Forward primer 5′AGGACCTCTCGAAGTGTTGG    2 μM
                       Reverse primer 5′TTTCCACTTTCGCTGATGAC    2 μM

© 2015 Wiley Periodicals, Inc.

RESULTS {#jcb25421-sec-0015}
=======

AB‐FUBINACA AND ITS DERIVATIVES ARE DETECTED IS DETECTED IN THE URINE BY LC‐ TOF/MS {#jcb25421-sec-0016}
-----------------------------------------------------------------------------------

The chemical structure of AB‐FUBINACA is shown in Figure [1](#jcb25421-fig-0001){ref-type="fig"}A. We used time‐of‐flight analysis to measure the concentration of AB‐FUBINACA in urines collected at 3, 6, 9, and 24 h after a single dosage injection in rats (n = 5). The time curve of AB‐FUBINACA concentration in urines is shown in Figure [1](#jcb25421-fig-0001){ref-type="fig"}B. The result shows that excreted AB‐FUBINACA was readily detected in urine at 3 h after the injection, and the excreted compound decreased gradually but maintained at approximately 50% of the concentration of the 3 h time point. This result demonstrated that AB‐FUBINACA is detectable in the urine and the degradation of the compound is slow.

![Chemical structure of AB‐FUBINACA and the detection of excreted AB‐FUBINACA in the urines. (A) Chemical structure of AB‐FUBINACA. (B) The time curve of detection of excreted AB‐FUBINACA in the urines from rats after administered AB‐FUBINACA daily via peritoneal cavity in rats. As described in the method, Wistar rats (n = 5) were injected via peritoneal cavity with 5 mg/kg body weight of AB‐FUBINACA. Urine samples were collected at 3, 6, 9, and 24 h after treatment. The concentration of excreted AB‐FUBINACA was determined using LC‐TOF/MS. The results were expressed as the ratio of AB‐FUBINACA at 3 h versus time.](JCB-117-1033-g001){#jcb25421-fig-0001}

LC‐MS/MS DETECTS AB‐FUBINACA DERIVATIVES IN THE URINE {#jcb25421-sec-0017}
-----------------------------------------------------

The TOF mass spectrophotometry detected AB‐FUBINACA peak at retention time of 6.51 min with m/z 369.1731 and salt form of m/z 391.1550 (Fig. [2](#jcb25421-fig-0002){ref-type="fig"}A). We also detected two prominent peaks, which revealed an accurate mass at m/z 385.1683 with its corresponding salt form at m/z 407.1499 (metabolite‐1, Fig. [2](#jcb25421-fig-0002){ref-type="fig"}B), and the metabolite‐2 of m/z 277.1311 paired with its sodium adduct at m/z 299.1123 (Fig. [2](#jcb25421-fig-0002){ref-type="fig"}C). The peak with m/z 277.1311 was eluted at retention time of 3.91 min, followed by the second peak with m/z 385.1683 at 6.09 min.

![The TOF mass spectrum for AB‐FUBINACA and its metabolites. (A) The TOF mass spectrum for AB‐FUBINACA at retention time of 6.509 min yielded exact mass of m/z 369.1731, paired with salt adduct m/z 391.1550. (B) The TOF mass spectrum for AB‐FUBINACA metabolite‐1 at retention time of 6.095 min shows exact mass of m/z 385.1683, paired with salt adduct m/z 407.1499. (C) The TOF mass spectrum for AB‐FUBINACA metabolite‐2 at retention time of 3.916 min shows exact mass of m/z 277.1311, paired with salt adduct m/z 299.1123.](JCB-117-1033-g002){#jcb25421-fig-0002}

We calculated the total area of these two dominant peaks including the protonated and salt form; we showed that the two derivatives (hydroxy metabolite‐1 and Metabolite‐2) were increased with time in the urines. Figure [3](#jcb25421-fig-0003){ref-type="fig"}A is shown as the LC‐TOF/ms mass result of AB‐FUBINACA, it is the spectrum of AB‐FUBINACA when applied with collision energy of 20 V. We detected much more metabolite‐2 in the urine (Fig. [3](#jcb25421-fig-0003){ref-type="fig"}B). Furthermore, we observed that as the concentration of native form of AB‐FUBINACA decreased gradually, the derivative forms increased with time (Fig. [3](#jcb25421-fig-0003){ref-type="fig"}B), which suggested that the parent compound AB‐FUBINACA converted to hydroxyl metabolite‐1 and metabolite‐2.

![The conversion of AB‐FUBINACA to its derivatives in rat urines as determined by LC‐TOF/MS. (A) The LC‐tandem mass result for AB‐FUBINACA: The spectrum of AB‐FUBINACA by LC‐TOF/MS when applied with collision energy of 20 V. The m/z of 109, 253, and 324 are shown. (B) We used LC‐TOF/MS to determine the concentration of excreted AB‐FUBINACA (blue diamond) and its derivatives, hydroxyl metabolite‐1 (red square) and metabolite‐2 (green circle) at 3, 6, 9, and 24 h after day‐1 injection of 5 mg/kg of AB‐FUBINACA via peritoneal cavity. The results are presented as total area count versus time (hours).](JCB-117-1033-g003){#jcb25421-fig-0003}

STRUCTURAL ELUCIDATION OF AB‐FUBINACA DERIVATIVES IN URINE BY LC‐MS/MS {#jcb25421-sec-0018}
----------------------------------------------------------------------

We used product‐ion‐scan to elucidate the structure information of metabolite isomers of compounds m/z 277 (metabolite‐2) and m/z 385 (hydroxyl metabolite‐1). We applied with a collision energy of 38 V, the compound m/z 277 eluted at 6.95 min yielded fragments of m/z 145 and m/z 117, suggesting a structure of hydroxyl AB‐FUBINACA with eliminated 4‐fluorobenzyl group (Fig. [4](#jcb25421-fig-0004){ref-type="fig"}A). This result also suggested that the hydroxylation occurred at alkyl moiety. This is the major metabolite. The m/z 385 eluted at 8.63 min yielded product ions of m/z 340, 253 and 109, suggesting a structure of oxidized AB‐FUBINACA with hydroxyl group at alkyl moiety (Fig. [4](#jcb25421-fig-0004){ref-type="fig"}B).

![The chemical structures of AB‐FUBINACA derivatives, metabolite‐2 and hydroxyl metabolite‐1. (A) The major metabolite (metabolite‐2) is shown. It is resulted from hydroxylation and N‐dealkylation of AB‐FUBINACA in the rat. The ion exchange of the chemical structure is shown. (B) The second abundant of metabolite (Hydroxy metabolite‐1) is shown. The metabolite contains hydroxyl group on the propyl moiety.](JCB-117-1033-g004){#jcb25421-fig-0004}

Taken together, using LC‐MS/MS we can detect the compound of AB‐FUBINACA and its metabolites in the urines from rats treated with AB‐FUBINACA.

THE EFFECT OF AB‐FUBINACA ON GENE EXPRESSIONS IN THE LIVER AND HEART {#jcb25421-sec-0019}
--------------------------------------------------------------------

Next, we studied the effect of AB‐FUBINACA on gene expressions in the livers and hearts on the rats treated with the compound. We investigated the genes involved in hepatotoxicity and cadiotoxicity. Each pathway contains 84 genes; we used the real‐time PCR to profile the pathway after AB‐FUBINACA treatment in rats.

As shown in Figure [5](#jcb25421-fig-0005){ref-type="fig"} in the liver, 17 genes were up‐regulated (\>two‐folds, shown in Red dots) and 11 genes were down‐regulated (\<two‐folds, shown in green dots) after AB‐FUBINACA treatment. In the hearts (Fig. [6](#jcb25421-fig-0006){ref-type="fig"}), 13 genes were up‐regulated and 3 genes were down‐regulated after AB‐FUBINACA treatment. Among these differentially regulated genes, we identified five genes (Abcb4, Hao2, Map3k6, Mbl2, and Lss) in the liver and two genes (Ccl7 and Cfd) in the heart, which were significantly regulated (*P*‐value is less than or equal to 0.05) analyzed by PCR array.

![The gene expression profile of hepatotoxicity in rat livers after AB‐FUBINACA treatment. The scatter plot is generated as log 10 of 2\^ (‐ΔCt) in AB‐FUBINACA treated experimental group in Y‐axis versus log 10 of 2\^ (−ΔCt) in controls in X‐axis. The Y‐axis is Log~10~ based from −6 to +2. The X‐axis is Log~10~ based from −5 to +1. Each data point is expressed as fold‐changes calculated from 2^(−ΔΔCt)^. Each gene was the average of experimental group n = 5 and control group n = 3. Among the 84 genes studied, the dotted line represents genes unchanged (less and equal to twofold; black dot). The up‐regulated genes represent genes of fold changes greater than twofold (Red dots). There are 17 genes upregulated genes. The down‐regulated genes represent genes of fold changes less than twofold (green dots). There are 11 down‐regulated genes.](JCB-117-1033-g005){#jcb25421-fig-0005}

![The gene expression profile of cardiotoxicity in rat hearts after AB‐FUBINACA treatment. The scatter plot is generated as log 10 of 2\^ (−ΔCt) in AB‐FUBINACA treated experimental group in Y‐axis versus log 10 of 2\^ (−ΔCt) in controls in X‐axis. Each data point is expressed as fold‐changes calculated from 2^(−ΔΔCt)^. The Y‐axis is Log~10~ based from −5.5 to +1. The X‐axis is Log~10~ based from −5.0 to +0.5. Each gene was the average of experimental group n = 5 and control group n = 3. Among the 84 genes studied, the dotted line represents genes unchanged (less and equal to twofold; black dot). The up‐regulated genes represent genes of fold changes greater than twofold (Red dots). There are 14 up‐regulated genes. The down‐regulated genes represent genes of fold changes less than twofold (green dots). There are two down‐regulated genes.](JCB-117-1033-g006){#jcb25421-fig-0006}

To verify the results obtained by PCR array, we used real‐time quantitative RT‐PCR to quantify the gene expression levels of those significantly differentiated. The quantitative gene expression analysis demonstrated that Map3k6 levels in the liver were up‐regulated (*P *= 0.0423) after AB‐FUBINACA treatment (Fig. [7](#jcb25421-fig-0007){ref-type="fig"}), whereas Hao2 gene was significantly downregulated (*P *= 0.0323). These genes are generally involved in directing cellular immune response after the stimuli such as AB‐FUBINACA. In the heart, Cfd was significantly downregulated (*P *= 0.0479) after AB‐FUBINACA treatment; this gene mainly function as pro‐inflammatory response after insult such as AB‐FUBINACA. Thus, the gene expression analyses indicated that AB‐FUBINACA has effects on cellular response in both the liver and heart. The protein analyses of these proteins will be employed in the future.

![Real‐time quantitative RT‐PCR analysis of genes identified by PCR arrays. Total RNA was treated with DNase I, followed by reverse transcription to generate cDNA. We used SYBR Green I dye to quantify gene expression levels in cDNAs using gene‐specific primers. Each gene was normalized with house keeping gene Hprt1. The results are expressed as relative quantification values (RQ). Animals treated with AB‐FUBINACA (black bar) were compared with PBS‐treated control animals (open bar). The results were analyzed by unpaired *t*‐test with one‐tail using the software by Prism, version 5.0. The *P* values less than 0.05 are considered significant; the *P* values are listed in the figure. The *P* values higher than 0.05 are not significant as shown in NS. Both results of rat liver and heart are presented in this figure.](JCB-117-1033-g007){#jcb25421-fig-0007}

DISCUSSION {#jcb25421-sec-0020}
==========

AB‐FUBINACA has been listed as Schedule I controlled substance by Drug Enforcement Administration in Department of Justice \[[2014](#jcb25421-bib-0004){ref-type="ref"}\]. Thus, to qualitatively detect AB‐FUBINACA and its metabolites in biological sample has become an important issue for forensic cases. In this study, we administrated daily of AB‐FUBINACA to rat, we identified two major putative hydroxyl metabolites of AB‐FUBINACA by LC‐TOF/MS. We studied the effect of AB‐FUBINACA on gene expressions in rat liver and heart after treatment. This is the first study to demonstrate the sensitive measurement of biological products of AB‐FUBINACA and its derivative in urines. This is also the first study that identified genes associated with the effects of AB‐FUBINACA in the liver and heart.

In general, monitoring the drug metabolites allows widening the detection window for the usage of parent drugs, because of the longer half‐life of metabolites. These metabolites, produced after phase I and II metabolism, usually present more polar and hydrophilic properties to be eliminated in urine. In here, we proposed two putative metabolite structures of AB‐FUBINACA found in the rat urine by LC‐TOF/MS. Metabolite‐2 is postulated preceding the further desalkylation by releasing the 4‐fluorobenzyl groups to yield m/z 277.1311. The two hydroxyl forms increased as native form of AB‐FUBINACA decreased, which suggested the conversion of AB‐FUBINACA to hydroxyl isoforms of AB‐FUBINACA. AB‐FUBINACA, metabolite‐1 and metabolite‐2 were found predominantly in their salt forms. The abundance of the salt form could affect the detecting sensitivity. When performing quantitative analysis using LC/MS for AB‐FUBINACA, it is suggested to take salt adducts into consideration or to avoid sample pretreatment involving sodium. The intendancy of forming sodium adducts for AB‐FUBINACA is postulated associating with sodium chelating by two carbonyl groups on carboxamide moieties.

The further structural elucidation by LC Triple Quad revealed that the hydroxylation takes place on isopropyl moiety for both metabolite‐1 and ‐2, although the specific attached‐carbon is undetermined. Other hydroxyl metabolites with hydroxyl group on indazole or benzyl ring were detected during the product ion scan by LC Triple Quad. However, they are in trace amount without showing analytical importance. Moreover, Takayama et al. \[[2014](#jcb25421-bib-0019){ref-type="ref"}\] incubated several substrates including AB‐FUBINACA with human liver microsomes, which yielded one mono‐hydroxylated metabolite. Thomsen et al. \[[2015](#jcb25421-bib-0020){ref-type="ref"}\] did the similar experiment incubated several substrates including AB‐FUBINACA with human liver microsomes. The discovered that using AB‐FUBINACA substrate yield three product ions at m/z 109, 253, and 324; these are mono‐ and di‐ hydroxylation derivatives. In our studies, we identified hydroxylation products at m/z 277 and 385. Thus, the hydroxylation of AB‐FUBINACA is species‐specific. Taken all, the in vitro studies supported our in vivo findings that AB‐FUBINACA was hydrolyzed to yield hydroxylated derivatives, which can be detected by mass spectrometry.

We investigated the effect of AB‐FUBINACA on gene expressions in rat liver and its heart. The increased conversion of AB‐FUBINACA to hydroxyl isoforms of AB‐FUBINACA might occur in the liver through oxidation process. In the gene expression analysis, we identified Map3k6, which was significantly differentially upregulated in the liver of AB‐FUBINACA treated animals as determined by real‐time quantitative RT‐PCR method. MAPK genes respond to stress stimuli such as oxidative stress, which activate enzymes to oxidize AB‐FUBINACA. Studies have been shown that MAPK cascade and downstream transcription factors represent key regulatory components of reactive oxygen species signaling \[Skopelitis et al., [2006](#jcb25421-bib-0018){ref-type="ref"}; Wang et al., [2008](#jcb25421-bib-0021){ref-type="ref"}; Schmidt et al., [2013](#jcb25421-bib-0017){ref-type="ref"}\].

Rats after AB‐FUBINACA treatment show a twofold decreased of Hao2 gene expressions. Hydroxy acid oxidase in humans has three genes, HAO1, HAO2, and HAO3. In humans and rats, Hao2 express predominantly in the liver and kidney, and Hao2 are functioning in α‐oxidation of long‐chain fatty acids process \[Jones et al., [2000](#jcb25421-bib-0010){ref-type="ref"}\]. Thus, the treatment of AB‐FUBINACA has a significant impact on fatty acid metabolism.

Interestingly, Hao2 has been identified as a candidate gene for regulating systolic blood pressure in rats; it shows a potential link to hypertension \[Rice et al., [2000](#jcb25421-bib-0016){ref-type="ref"}; Lee et al., [2003](#jcb25421-bib-0012){ref-type="ref"}\]. A recent study by Merck reported a development of inhibitors to regulate Hao2 gene to reduce blood pressure in salt‐treated rats \[Barawkar et al., [2011](#jcb25421-bib-0001){ref-type="ref"}\]. Our study showed a decreased level of Hao2 mRNA after AB‐FUBINACA treatment, suggesting AB‐FUBINACA might be a potential treatment to regulate blood pressure.

The gene expression analysis in the heart after AB‐FUBINACA treatment revealed Cfd was differentially down‐regulated. Cfd \[Prentice et al., [2013](#jcb25421-bib-0015){ref-type="ref"}\] is involved in inflammatory response after injury or stimuli in myocardial infarction or stroke. Like Hao2 in the liver, this study suggested AB‐FUBINACA might play a role in regulating heart disease. Further study in this area is warranted.
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